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Abstract
Nano-composite coatings have wide applications for their superior mechanical and corro‐
sion properties. Many efforts have been devoted to the development of different types of
nano-composite coatings in the last decade. Various techniques are used to modify the
coating microstructure at the nano scale in order to further improve the properties of
coatings. We recently developed a novel method which combines sol-gel process and
electrochemical deposition process to produce nano-composite coatings. This simple
method can lead to a highly dispersed distribution of oxide nano-particles in the metal
coating matrix, resulting in significantly improved mechanical properties. This Chapter
introduces the principle of this innovative method, the basic theory behind the deposition
process, and an overview of current results. It also describes the dopant technology that
is derived from this novel technique. The future development potentials and industrial
applications of these coatings are also discussed.
Keywords: Nanocomposite coatings, Electrochemical deposition, Nanoparticle distribu‐
tion, Dopant technology
1. Introduction
Coatings are widely used on the surface of different substrates in order to improve the
durability of working parts by increasing their resistance against wear, erosion, and corrosion.
Comparing with the general coatings and conventional composite coatings, the nanocompo‐
site coatings possess much improved properties because of the “nanosize dispersion effect”.
It contains nanoparticles of a wide range of materials including oxides, carbides, metals,
silicates and other ceramics with a size range of 1 to 100 nm. With the development of
nanotechnology, the nanocomposite coatings are not only used as a surface protection material
but also for developing special functional properties. Nowadays, the nanostructured coatings
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with desired properties are widely used in military, aerospace, automotive, electronics and
many other industries [1-2].
Much effort has been made to improve coating properties and design new nanocomposite
coatings in the past decades. One of the focuses is how to achieve better “nano-dispersion”. It
was well known that the properties such as strength, hardness and wear resistance of coatings
can be greatly improved by a good dispersion of the second-phase particles in the matrix.
Generally, the nanocomposite coatings are synthesized by directly adding nano-size solid
powders into the plating solution. The nanoparticles can be incorporated into the metal matrix
during the deposition process. However, it is difficult for the second phase nanoparticles to
achieve a good dispersion in the matrix because of their large surface area [3]. The nanoparticles
tend to agglomerate because of their high surface energy. In order to achieve a good dispersion
of the second-phase particles in the coating matrix, the powder suspension has to be main‐
tained in the electrolyte solution by vigorous agitation, air injection, ultrasonic vibration, or
adding surfactants and other types of stabilizers, etc.
However, it is always difficult for the nanoparticles to achieve a good suspension because
they have very large surface area, especially when the particle size is in a nanometer level.
The  high  surface  energy  leads  to  the  agglomeration  of  the  nano-particles  even  though
combinations of the above methods are used to reduce the particle agglomeration. There‐
fore, it has been a challenge to explore new techniques to produce highly dispersive nano-
particles  reinforced  composite  coatings,  which  can  take  the  advantage  of  the  unique
properties of the nano-particles to develop nanocomposite coatings with superior mechani‐
cal and other properties [4-5].
We have developed a novel technique: sol-enhanced composite plating, to synthesize highly
dispersive oxide nano-particle reinforced composite coatings. In this new method, transparent
sol solution containing desirable oxide components is directly introduced into the electrolyte
solution at a controlled concentration and/or speed. Nano-particles with a size of below 25 nm
will be in-situ generated and then incorporated into the coating matrix. This method can lead
to a highly dispersive distribution of desired nanoparticles in the coating, resulting in signif‐
icantly improved mechanical properties [6-10]. In this paper, we will introduce the basic theory
of this method, report the current results and discuss the strengthening mechanism. We will
also describe the dopant technology that is derived from this novel technique. The potential
industrial applications of these technologies are also discussed.
2. The basic theory of sol-enhanced method
2.1. Brief introduction of sol-gel process
Sol-gel processes are versatile solution processes which have been widely applied to synthesize
nano-particles, nano-composites, thin films, fibers and ceramics. They have shown consider‐
able advantages, including excellent chemical stoichiometry, compositional homogeneity and
low crystallization temperature due to the mixing of liquid precursors on a molecular level [5].
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The sol-gel process can be described as the creation of an oxide/chloride network by progres‐
sive condensation reactions of molecular precursors in a liquid medium.
The sols can be basically classified as inorganic sols and organic sols. The most widely used is
the organic sols, which are generally fabricated by using solutions of metal or metalloid
alkoxide precursors M(OR)n in organic solvents [11]. Typically, a sol-gel process comprises
solution, gelation, drying and densification. The precursors are subjected to a series of
hydrolysis and polycondensation reactions to form a colloidal suspension, namely sol. Further
processing of the "sol" makes it possible to form materials in different shapes, such as spinning
or dipping to produce coatings and films, drawing from a liquid to produce fibers, precipi‐
tating or spray pyrolysis to get ultrafine uniform powders and processing in a vessel to produce
aerogels and monoliths.
2.2. The evolution of the sol solution in the electrolyte
The evolution of the sol solution in the electrolyte was analyzed from two parts: (1) the
formation of nano-particles, and (2) the size evolution of nano-particles before and after adding
into electrolyte [9-10]. Considering the comparability of different kinds of sol, we hereby
illustrate the behavior of TiO2 sol in electroplating bath to explain the general electrochemical
process of the sol-enhanced composite plating.
The transparent liquid TiO2 sol was made by using metal alkoxide tetrabutylorthotitanate
(Ti(OBu)4) as the precursor. This metal alkoxide is dissolved into a mixed solution of ethanol
and diethanolamine (DEA). It then formed a colloidal suspension under a series of hydrolysis
and polymerization reactions. The small particles in sol with the charge on the surface cannot
grow up for the covered layer of solvent molecules. Different small particles can be well
suspended in the solvent, subjecting to the combined effect of charge, van der Walls force and
gravity [9-10, 12-13].
 
Figure 1. Size distribution of nano-particles in: (a) TiO2 sol and (b) Ni electrolyte after adding TiO2 sol.
The hydrolysis reaction and condensation process of TiO2 sol has been widely investigated.
Generally the stereo-hindrance and solvation effects are the main factors to make the sol
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solution stable. Before TiO2 sol is added into the electrolyte, the sol can be regarded as a stable
system without solid liquid interface. Under neutral and basic conditions, the condensation
process of Ti macromolecule ions started before the completion of hydrolysis; and the
formation of an ordered structure was hindered.
After TiO2 sol is added into the electrolyte, water in electrolyte aggravates the hydrolysis
reaction and breaks up the dynamic balance. The sol system becomes unstable and the interface
between solid and liquid emerges. Thus the amorphous TiO2 nano-particles formed in situ [5,
9-10]. Fig. 1 presents the size distribution of nano-particles in the sol and the Ni electrolyte
after adding the sol. The particle size was characterized by a laser diffraction particle analyzer
(Malvern Mastersizer Hydro 2000S). The particle size of TiO2 sol was distributed in the range
of 1-10 nm, with a mean value of 2.5 nm as shown in Fig. 1a. The size distribution of sol added
electrolyte keeps in a same level with the TiO2 sol. The mean value of the particle size was
increased to 7.4 nm and the particle size distribution was in the range of 3-20 nm which means
no significant agglomeration occurs (Fig. 1b). The size measurement results are consistent with
the HRTEM observation as shown in Fig. 2. The TiO2 nano-particle got from electrolyte has an
amorphous structure with a size of ~10 nm.
Figure 2. TEM bright field image of TiO2 nano-particles separated from the Ni electrolyte with TiO2 sol addition
2.3. Deposition process of sol-enhanced plating
The overall sol-enhanced deposition process can be typically divided into several steps. These
steps describe the process of particles from the solution to their incorporation in the metal
matrix. The first step is the in-situ generation of nano-particles after adding the sol into the
electrolyte. Once the nano-particles formed in the electrolyte, some of them are immediately
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physically adsorbed onto the freshly deposited surface based on the Martin-Williams model.
Some of them were immediately adsorbed by hydrate metal ions due to their large surface
areas based on the Whithers model [10]. Correspondingly, they were highly dispersed in the
electrolyte as shown in Fig. 1b. The organic solvents probably also contribute to the dispersion
of the ions-adsorbed nano-particles. Under the combination effect of migration, diffusion and
convection, the coating matrix grows up with fine particles, and finally forms a highly
dispersive nano-particle reinforced metal-based composite coating as shown in Fig. 3 [5, 9-10].
Figure 3. Sketch map of the sol-enhanced plating deposition process
3. Microstructure and property of sol-enhanced coatings
3.1. Microstructure of sol-enhanced coatings
The microstructure of sol-enhanced coatings was studied by various characterization methods.
We hereby elaborate the related characterization results of cross-section, surface morphology
and intrinsic microstructure of sol-enhanced coatings.
3.1.1. Cross-section images of sol-enhanced coatings
Fig. 4 shows the cross-section morphologies of Ni-P and sol-enhanced Ni-P-TiO2 coatings. Sol-
enhanced Ni-P-12.5 mL/L TiO2 nano-composite coating has a similar cross-section image with
traditional Ni-P coating. No obvious TiO2 particles could be seen in the SEM cross-section,
indicating their small size and relatively low content. However, with increasing TiO2 addition,
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the agglomerated TiO2 particles can be clearly seen in Ni-P-50 mL/L TiO2 composite coating.
In addition, many voids were observed in the coatings [14]. When the sol concentration is
relatively low (e.g., for sol-enhanced Ni-P-TiO2 coating, the TiO2 sol concentration is below 20
mL/L), the cross-section image of sol-enhanced coatings is similar with the traditional coating.
However, when the sol concentration is relatively high (e.g., for sol-enhanced Ni-P-TiO2
coating, the TiO2 sol concentration is above 20 mL/L), a porous structure may form and large
cluster area could be seen in the cross-section of sol-enhanced coatings due to the nano-particle
agglomeration.
 
Figure 4. Cross-sectional morphologies: (a) traditional Ni-P coating, (b) sol-enhanced Ni-P-12.5 mL/L TiO2 coating, and
(c) Ni-P-TiO2 coating with high concentration of sol (50 mL/L).
3.1.2. Surface morphology of sol-enhanced coatings
Fig. 5 shows the surface morphology of Au-Ni coating and TiO2 sol enhanced Au-Ni-TiO2
coatings with different TiO2 sol concentrations. The Au-Ni coating shows typical granular
morphology with the large protrusion size of ~400 nm. Some pores can be found on the Au-
Ni coating surface, as shown by the white arrows in Fig. 4a, probably due to the formation of
H2 during the electro-deposition process. The morphology of 12.5 mL/L TiO2 sol enhanced
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composite coating shows a uniform spherically nodular structure with a size of ~300 nm (Fig.
5b). A great number of black dots were seen on the surface of 50 mL/L TiO2 sol added composite
coating, as shown by the white arrows in Fig. 5(c). The size of black dots ranges from ~50 nm
to ~150 nm. Some of the black dots were attributed to the clusters formed by TiO2 nano-
particles, which confirmed by the EDS results. The Ti concentration in those locations was
higher than other areas. As abundant TiO2 nano-particles agglomerate into clusters, porous
structure formed in the nearby area. The other black dots are the voids that may come from
the H2 release during the electro-deposition process [12-13].
 
Figure 5. Surface morphology of sol-enhanced Au-Ni-TiO2 nano-composite coatings: (a) Au-Ni as a comparison, (b)
Au-Ni-12.5 mL/L TiO2, and (c) Au-Ni-50mL/L TiO2
3.1.3. TEM microstructure of sol-enhanced nano-composite coatings
Fig. 6 presents the bright field image TEM and HRTEM image of sol-enhanced Ag-TiO2 nano-
composite coating. It can be seen that many white small nano-particles with a size of 10-25
nm were distributed quite uniformly in the grain boundary areas and inside the coating
matrix as shown in Fig. 6a. The nanoscale probe EDX analysis indicates the white nano-
particles  contain Ti.  HRTEM indicates  that  the small  nano-particles  have an amorphous
microstructure, as shown in Fig. 6b. The grain size of the coatings can be calculated from the
measured  XRD  patterns  by  using  Scherrer’s  formula.  The  average  grain  size  of  sol-en‐
Nanocomposite Coatings Deposited by Sol-Enhanced Electrochemical Methods
http://dx.doi.org/10.5772/62042
111
hanced Ag-12.5 mL/LTiO2 composite coatings shows a clear decrease from 38.5 nm of pure
Ag coating to 25.7 nm [15].
Figure 6. Bright field image and HRTEM image of sol-enhanced Ag-TiO2 coating
Based on the results described above, we can concluded that when proper sol was added into
the electrolyte, small nano-particles will be formed in-situ and co-deposited with the metal
ions onto the substrate. These small amorphous nano-particles were distributed uniformly in
the grain boundaries and inside the coating grains. Due to their small size, it is hard to detect
them by using conventional microscopic tools such as optical microscope and scanning
electron microscope.
These nano-particles incorporated into the coating matrix can increase the number of nuclea‐
tion sites, while the other nano-particles distributed in the grain boundary can act as the
obstacles that restrict the grain growth. The increasing nucleation center and obstacles for grain
growth finally lead to an obvious grain refinement. However, when excessive sol was added
into electrolyte, the nanoparticles start to agglomerate and tend to form voids in the coating
matrix, finally causing a porous structure and deteriorating the property of coatings.
3.2. Mechanical property of sol-enhanced coatings
Several different kind of sol-enhanced coatings including Ni [8-10, 16-17], Ni-P [7, 14, 18], Ni-
B [19-21], Ag [15] and Au-Ni [12-13, 22-24] nano-composite coatings were developed. Their
mechanical property and microstructure were systematically studied. The mechanical
properties of these sol-enhanced coatings are summarized in Table 1.
Based on the experimental results of mechanical properties and related microstructure of
coatings, the corresponding strengthening mechanisms were suggested. A clear model of
particle nano-dispersion, grain size and mechanical properties was established. We select sol-
enhanced Au-Ni-TiO2 nano-composite coating as an example to demonstrate the strengthen‐
ing mechanism as below.
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Type of coatings Microhardness or Nano-hardness
(optimum value)
Ni electroplating (on mild steel) ~320 HV0.1
Sol-enhanced Ni-TiO2 electroplating (on mild steel) ~430 HV0.1
Sol-enhanced Ni-TiO2 pulseelectroplating (on mild steel) ~503 HV0.1
Ni-P electroplating (on copper) ~520 HV0.1
Sol-enhanced Ni-P-TiO2 electroplating (on copper) ~710 HV0.1
Ni-B electroplating (on mild steel) ~677 HV0.2
Sol-enhanced Ni-B electroplating (on mild steel) ~1061 HV0.2
Ni-P electroless plating (on AZ31 Mg alloy) ~590 HV0.2
Sol-enhanced Ni-P-TiO2 electroless plating (on AZ31 Mg alloy) ~1025 HV0.2
Sol-enhanced Ni-P-ZrO2 electroless plating (on AZ31 Mg alloy) ~1045 HV0.2
Au-Ni electroplating (on Ni coated brass) 2.55±0.13 GPa
Sol-enhanced Au-Ni-TiO2 electroplating (on Ni coated brass) 3.20±0.15 GPa
Sol-enhanced Au-Ni-TiO2 pulse electroplating (on Ni coated brass) 3.48±0.07 GPa
Sol-enhanced Au-Ni-ZrO2 electroplating (on Ni coated brass) 2.89±0.07 GPa
Sol-enhanced Au-Ni-ZrO2 pulse electroplating (on Ni coated brass) 3.31±0.11 GPa
Ag electroplating (on Ni coated brass) 1.33±0.05 GPa
Sol-enhanced Ag-TiO2 electroplating (on Ni coated brass) 1.64±0.05 GPa
Table 1. The mechanical properties of sol-enhanced coatings
 
Figure 7. Nano-hardness and nano-scratch displacement results of sol-enhanced Au-Ni-TiO2 nano-composite coatings
Fig. 7 shows the nano-hardness and scratch displacement of Au-Ni-TiO2 coatings with
different sol additions. The nano-indentation hardness and scratch tests were conducted on a
Nanoindentor (Hystron, USA). Nano-scratch resistance tests were performed by using a
conical tip with a 1000 μN constant load to 10 μm distance. The deeper of the scratch dis‐
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placement, the better wear resistance of coating. The nano-hardness and scratch displacement
of Au-Ni coating was 2.55 ± 0.13 GPa and 58.8 ± 3.7 nm, respectively. At a low sol concentration,
nano-hardness increases and scratch displacement decreases gradually with increasing TiO2
content. 12.5 mL/L TiO2 sol enhanced composite coating to the highest nano-hardness of 3.20
± 0.15 GPa (26% increase) and the lowest scratch displacement of 22.5 ± 4.3 nm (reduced to
38%). However, further increasing the concentration of TiO2 to 50 mL/L led to a decrease of
nano-hardness to 2.66 ± 0.12 GPa, although it was still higher than that of the un-doped Au-
Ni coatings. Meanwhile, the scratch displacement increases to 32.3±2.1 nm.
Figure 8. Schematic drawings of the enhancement mechanism of TiO2 sol in the composite coating
The enhancement mechanism of TiO2 sol on the composite coating can be elaborated in Fig.
8. The improved nano-hardness of sol-enhanced Au-Ni-TiO2 coating could be attributed to the
combined effects of grain refinement and dispersion strengthening. The highly dispersed
reinforced phase should play a more important role as the grain size change is rather small.
When proper TiO2 sol was added into electrolyte, a good dispersion strengthening and grain
Electrodeposition of Composite Materials114
refinement can be achieved, resulting in a significant improvement of mechanical property for
the coating. However, when excessive TiO2 sol was added into electrolyte, TiO2 nanoparticles
start to agglomerate and tend to cause porous structure in the grain boundaries, which reduced
the effect of dispersion strengthening; finally lead to a deterioration of the mechanical property
although the grain size was continuously decreased [12-13].
3.3. Corrosion property of sol-enhanced coatings
Corrosion resistance is another important property for many coating applications. It was
generally understood that materials with two phase microstructure may promote galvanic
corrosion in corrosive environments therefore reducing their corrosion resistance. However,
the nano-dispersion of a second phase can largely avoid galvanic corrosion and does not
reduce the corrosion resistance of the composite coatings.
Fig. 9 shows the surface morphologies of Ni-B and sol-enhanced Ni-B-TiO2 composite coatings
after salt spray test for 120 h. The traditional Ni-B coating presented a corroded surface and
the rust area can be clearly seen in Fig. 9a. The sol-enhanced Ni-B-12.5 mL/L TiO2 coating
displays an improved corrosion resistance as only two small corrosion pits can be seen by the
white arrows in Fig. 9b. However, the sol-enhanced Ni-B-50 mL/L TiO2 coating surface
exhibited a corroded surface, similar to the un-doped Ni-B coating. A large area of coating
surface was covered by rusts as shown in Fig. 9c.
 
Figure 9. Surface morphologies of coatings after salt spray test in 5 wt. % NaCl solution for 120 h without removing the
corrosion products: (a) Ni-B, (b) Ni-B-12.5 mL/L TiO2 coating, and (c) Ni-B-50 mL/L TiO2 coating.
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The corrosion behaviors of coatings have a close relationship with the sol content due to its
influence on the coatings microstructure. As it is well known that the corrosion resistance of
a coating largely affected by its compactness, porosity is often the cause that a coating failure
from corrosion. During the sol-enhanced electroplating process, the in-situ formed nanopar‐
ticles well distributed in the grain boundary areas can decrease the quantity of defects in the
coating layer, making the coating more compact and less penetrable. Additionally, the
nanoparticle itself is an inert compound, in the form of uniformly distributed nanoparticles in
the coating, does not form micro galvanic cells. Instead, it may play a role of reducing the
reactivity of matrix metal, therefore improving the corrosion resistance of the nano-composite
coatings. However, when excessive sol was added into the electrolyte, the nanoparticles tend
to agglomerate which increases the quantity of defects (voids) and lead to a porous structure
in the coating, resulting in significant deterioration of corrosion resistance [19].
3.4. The other properties of sol-enhanced coatings
Metallic coatings and thin films have very wide applications which require not only mechan‐
ical and corrosion properties but also some functional properties. Here we use sol-enhanced
Au-Ni coatings as an example to present the effect of sol addition on the surface gloss and
conductivity property.
3.4.1. Surface gloss of sol-enhanced coatings
Surface gloss and color is important properties for gold and many other coatings as it dictates
the quality and value of many products. Delta E (ΔE) is widely used to present the colour
difference between samples being compared. It is generally accepted that if the difference of
ΔE value between two samples is less than 1.0, they can be considered as the same colour,
while 3.0 is the smallest colour difference that can be recognized by human naked eyes.
Fig. 10 presents the ΔE-values of Au-Ni coatings with different dopants. It can be seen that the
sol addition impose a weak influence on the surface gloss and colors of coatings, which even
cannot be detected by human naked eyes. The sol-enhanced coatings present almost identical
surface gloss with the traditional coating due to the highly dispersed nano-structure [25].
3.4.2. Conductivity of sol-enhanced coatings
Both electrical conductivity and wear resistance are important properties for Au and Ag based
coatings as these are required by applications of electric contacts. Traditional solid state
alloying hardening techniques improve the wear resistance of Au and Ag coatings but severely
reduce the conductivity due to the lattice distortion. The sol-enhanced strengthening technique
improves the hardness of the coatings significantly but does not cause severe lattice distortion,
therefore keeping the good conductivity for electrical applications.
Conductivity is frequently expressed in terms of IACS percent for convenience. An IACS value
of 100% refers to a conductivity of 5.80 × 107 siemens per meter (58.0 MS/m) at 20°C. Fig. 11
shows the electrical resistivity and conductivity of sol-enhanced Au-Ni-TiO2 coatings as a
function of TiO2 sol concentration. Comparing with the Au-Ni coating, the electrical conduc‐
Electrodeposition of Composite Materials116
tivity of sol-enhanced coatings show a slight decrease (~4%) but keep at the same level with
increasing sol content. After adding 50 mL/L TiO2 sol, the electrical conductivity of coating is
still higher than 50% IACS.
 
Figure 11. Electrical resistivity and electrical conductivity of sol-enhanced Au-Ni-TiO2 nano-composite coatings
The same level conductivity of sol-enhanced coatings can be mainly attributed to the highly
distribution of small nano-particles in the coating. The electron wave can bypass these small
nano-particles and form a conductive network during the transportation process. Further‐
more, the sol addition does not change the alloy solubility and cause lattice distortion. The
Figure 10. ΔE-values of Au-Ni coatings with different dopants
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slight decrease of electrical conductivity can be attributed to the increment of scattering effect.
The increase of grain boundaries and the scattering effect of electron wave strengthened by
the second phase lead to the decrease of electrical conductivity [13].
4. Dopant technology derived from sol-enhanced plating and future
industrial application of sol-enhanced coatings
In order to utilize this novel sol-enhanced technology and promote this technology into real
production, the dopant technology has been developed based on the sol-enhanced method.
Different types of sol were added into various commercial electrolytes to study their effects
on the plating bath and property of coatings. Comprehensive investigations on the technical
datasheet for different types of sol are being conducted. Table 2 briefly summarized the
different types of sol which can take significant effect on commercial baths according to our
studies. It can be seen that this sol dopant technology can be used in almost all types of
commonly used commercial baths, which gives a broad application prospect.
Types of sol Name of sol Types of commercial bath
Inorganic Al2O3 Zn-Ni [26]
Organic
TiO2
Ni, Ni-P, Ni-B, Ni-Co [27-28], Cu [29], Au, Au-Ni, Ag, Co, Co-W,
Sn, Ni-P(EP), Ni-B(EP)[*]
ZrO2 Ni, Ni-P, Ni-B, Ni-Co, Au, Au-Ni, Au-Co, Ni-P(EP), Ni-B(EP)
Al2O3 Cu
Note: [*] EP means electroless plating, (eg. Ni-B(EP) means electroless Ni-B)
Table 2. The sols have significant effect on the commercial baths
The sol-enhanced coatings have a highly dispersed nano-structure with superior performance.
This sol-enhanced technology based on a simple and feasible process which is also compatible
with the commercial solution. Therefore, it has great economic potential and market value in
the future industrialization. For example, the micro-hardness of sol-enhanced Ni-P and Ni-B
coating can reach up to above ~1000 HV, the same level of the widely used hard chrome
coatings which require an environmentally harmful fabrication process. Hence, this sol-
enhanced coating technology provides a potential replacement to the hard chrome coatings
process [4]. On the other hand, the mechanical property of sol-enhanced Au and Ag coating
can be increased up to more than 20% while keep the same level of conductivity and surface
gloss. These research outcomes will find wide applications such as jewelry, craftwork and
electronics.
A combination of different coatings can maximize the performance and functionality of coating
by utilizing the different properties of each layer. Recently, we apply multi-layer technology
to new sol-enhanced coatings systems in order to optimize the surface properties of coatings
[20, 30-31]. Electroless double-layered Ni-P/Ni-P-XZrO2 coatings with different phosphorus
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(P) contents have been prepared. The high P inner layer provides high corrosion resistance
while the sol-enhanced composite outer layer provides excellent mechanical properties. This
controllable duplex electroless coating system possesses excellent anticorrosion and mechan‐
ical properties. Pilot scale production and tests are being conducted in order to realize the
future industry applications.
5. Conclusion
A novel sol-enhanced method was developed to prepare nano-composite coatings. A small
amount of oxide contained sol was added into the traditional electrolyte to in-situ form
nanostructured composite coatings with highly dispersed nano-particles. The effect of sol
addition on the microstructure and properties of composite coatings has been elaborated. The
sol-enhanced nano-composite coatings have much improved mechanical property than that
of the traditional coatings without sacrificing corrosion resistance, surface gloss and electrical
conductivity. Dopant technology was developed to promote the real application of sol-
enhanced coating method. Multiple sol-enhanced coatings were also developed in order to
further improve the property of coatings. Scaling up tests is being conducted in an effort to
realize industrial applications.
Acknowledgements
The project is supported by a New Zealand Marsden Grant, the National Natural Science
Foundation of China (Grant NO 51401024) and Auckland UniServices project. The authors
would like to thank the group members especially Weiwei Chen, Ying Ju, Shanghai Wei, Bo
Hu and See Leng Tay, technical stuff in the Department of Chemical and Materials Engineering
and the Research Centre of Surface and Materials Science for various assistances. We also want
to express our gratitude to Mr Glen Slater, Chris Goode and technical stuff in Rigg Electro‐
plating Ltd.
Author details
Yuxin Wang and Wei Gao*
*Address all correspondence to: w.gao@auckland.ac.nz
Department of Chemical and Materials Engineering, The University of Auckland, Auckland,
New Zealand
Nanocomposite Coatings Deposited by Sol-Enhanced Electrochemical Methods
http://dx.doi.org/10.5772/62042
119
References
[1] C. Corti, R. Holliday, editors. Gold: Science and Applications. CRC Press, Boca Ra‐
ton; 2010.
[2] Arthur A. Tracton, editor. Coatings Technology Handbook. CRC Press, Boca Raton;
2006.
[3] Nasser Kanani, editor. Electroplating. Oxford: Elsevier Advanced Technology; 2004.
[4] Weiwei Chen, Wei Gao: Microstructures and properties of sol-enhanced nanostruc‐
tured metal-oxide composite coatings. Progress in Natural Science: Materials Interna‐
tional. 2011; 21: 355-362. DOI:10.1016/S1002-0071(12)60069-0
[5] Weiwei Chen. Sol-enhanced Nanostructured Metal-oxide Composite Coatings: Struc‐
tures, Properties and Mechanisms (Thesis). The University of Auckland; 2010.
[6] Weiwei Chen, Wei Gao. Plating or coating method for producing metal-ceramic oat‐
ing on a substrate, Patent NZ578038, New Zealand, 2009.
[7] Weiwei Chen, Wei Gao, Yedong He: A novel electroless plating of Ni-P-TiO2 nano‐
composite coatings. Surface & Coatings Technology. 2010; 204: 2493-2498. DOI:
10.1016/j.surfcoat.2010.01.032
[8] Weiwei Chen, Yedong He, Wei Gao: Electrodeposition of sol-enhanced nanostruc‐
tured Ni-TiO2 composite coatings. Surface & Coatings Technology. 2010; 204:
2487-2492. DOI:10.1016/j.surfcoat.2010.01.036
[9] Weiwei Chen, Wei Gao: Sol-enhanced electroplating of nanostructured Ni-TiO2 com‐
posite coatings-the effects of sol concentration on the mechanical and corrosion prop‐
erties. Electrochimica Acta. 2010; 55: 6865-6871. DOI:10.1016/j.electacta.2010.05.079
[10] Weiwei Chen, Yedong He, Wei Gao: Synthesis of nanostructured Ni-TiO2 composite
coatings by sol-enhanced electroplating. Journal of The Electrochemical Society. 2010;
157: E122-E128. DOI: 10.1149/1.3442366
[11] Duhua Wang, Gordon. P. Bierwagen: Sol-gel coatings on metals for corrosion protec‐
tion. Progress in Organic Coatings. 2009; 64: 327-338. DOI:10.1016/j.porgcoat.
2008.08.010
[12] Yuxin Wang, Shanghai Wei, Ying Ju, Wei Lu, Biao Yan, Wei Gao: Mechanical proper‐
ties and microstructure of Au-Ni-TiO2 nano-composite coatings. Materials characteri‐
zation. 2015; 102: 189-194. DOI:10.1016/j.matchar.2015.03.008
[13] Yuxin Wang, Ying Ju, Shanghai Wei, Wei Lu, Biao Yan, Wei Gao: Au-Ni-TiO2 nano-
composite coatings prepared by sol-enhanced method. Journal of The Electrochemi‐
cal Society. 2014; 161: D775-D781. DOI:10.1149/2.0331414jes
Electrodeposition of Composite Materials120
[14] Yuxin Wang, Weiwei Chen, R. A. Shakoor, R. Kahraman, Wei Lu, Biao Yan, Wei Gao:
Ni-P-TiO2 composite coatings on copper produced by sol-enhanced electroplating.
International journal of electrochemical science. 2014; 9: 4384-4393.
[15] Bo Hu. Sol (TiO2) Enhanced Nanocomposite Silver Coatings by Electroplating (The‐
sis). The University of Auckland; 2015.
[16] Yuxin Wang, Ying Ju, R. A. Shakoor, Ramazan Kahraman, Wei Gao: Nanocomposite
Ni-TiO2 coatings produced by pulsed electroplating. Materials Research Innovations.
2014; 18: 1102-1106. DOI:10.1179/1432891714Z.000000000883
[17] Yuxin Wang, Ying Ju, Biao Yan, Wei Gao: Sol-enhanced Ni-TiO2 composite coating
on hypereutectic Al-Si alloy. Materials Research Innovations. 2014; 18: 1107-1111.
DOI: 10.1179/1432891714Z.000000000884
[18] Yongjian Yang, Weiwei Chen, Chungen Zhou, Huibin Xu, Wei Gao: Fabrication and
characterization of electroless Ni-P-ZrO2 nano-composite coatings. Applied Nano‐
science, 2011; 1:19-26. DOI:10.1007/s13204-011-0003-6
[19] Yuxin Wang, Shu-jen Wang, Xin Shu, Wei Gao, Wei Lu, Biao Yan: Preparation and
property of sol-enhanced Ni-B-TiO2 nano-composite coatings. Journal of alloys and
compounds. 2014; 617: 472-478. DOI:10.1016/j.jallcom.2014.08.060
[20] Shu-Jen Wang, Yuxin Wang, Wei Gao, R. A. Shakoor, Ramazan Kahraman: Prepara‐
tion and property of Duplex Ni-B-TiO2/Ni nano-composite coatings. International
Journal of Modern Physics B. 2015; 29: 1540022. DOI: 10.1142/S0217979215400226
[21] Xin Shu, Yuxin Wang, Chuming Liu, Wei Gao: Microstructure and properties of Ni-
B-TiO2 nano-composite coatings fabricated by electroless plating. Materials Technol‐
ogy. 2015; 30: A41-A45. DOI: 10.1179/1753555714Y.0000000190
[22] Ying Ju, Yuxin Wang, A. Aljaafari, Wei Gao: Mechanical property of solid ZrO2 pow‐
der enhanced Au-Ni coating. Materials Research Innovations. 2014; 18: 1132-1136.
DOI: 10.1179/1432891714Z.000000000862
[23] Ying Ju, Yuxin Wang, Wei Gao: Sol-enhanced Au-Ni-TiO2 electroplated coatings.
Modern Physics Letters B. 2013; 27: 1341010. DOI: 10.1142/S0217984913410108
[24] Ying Ju, Yuxin Wang, Yi Wen, Wei Gao: Pulse plating enhanced Au-Co nanocompo‐
site coatings. Modern Physics Letters B. 2013; 27: 1341011. DOI: 10.1142/
S021798491341011X
[25] Ying Ju. Powder/Sol-enhanced Au-Ni Electroplated Composite Coatings: Structures,
Properties and Mechanisms (Thesis). The University of Auckland; 2013.
[26] S. Ghaziof, P.A. Kilmartin, W. Gao: Electrochemical studies of so-enhanced Zn-Ni-
Al2O3 composite and Zn-Ni alloy coatings. Journal of Electroanalytical Chemistry.
2015; 755: 63-70. DOI:10.1016/j.jelechem.2015.07.041
[27] Yuxin Wang, Xin Shu, Wei Gao, R. A. Shakoor, Ramazan Kahraman, Pengfei Yan,
Wei Lu, Biao Yan: Microstructure and properties of nano-composite Ni-Co-TiO2 coat‐
Nanocomposite Coatings Deposited by Sol-Enhanced Electrochemical Methods
http://dx.doi.org/10.5772/62042
121
ings fabricated by electroplating. International Journal of Modern Physics B. 2015; 29:
1540008. DOI: 10.1142/S0217979215400081
[28] Yuxin Wang, See Leng Tay, Shanghai Wei, Chao Xiong, Wei Gao, R.A. Shakoor,
Ramazan Kahraman: Microstructure and properties of sol-enhanced Ni-Co-TiO2
nano-composite coatings on mild steel. Journal of alloys and compounds. 2015; 649:
222-228. DOI: 10.1016/j.jallcom.2015.07.147
[29] Xiaojin Wei, Zhendi Yang, Ying Tang, Wei Gao: Influence of Al2O3 sol concentration
on the microstructure and mechanical properties of Cu-Al2O3 composite coatings. In‐
ternational Journal of Modern Physics B. 2015; 29:1540021. DOI: 10.1142/
S0217979215400214
[30] Yuxin Wang, Xin Shu, Shanghai Wei, Chuming Liu, Wei Gao, R A Shakoor, Ramazan
Kahraman: Duplex Ni-P-TiO2/Ni-P electroless coating on stainless steel. Journal of al‐
loys and compounds. 2015; 630: 189-194. DOI: 10.1016/j.jallcom.2015.01.064
[31] Xin Shu, Yuxin Wang, Chuming Liu, Abdullah Aljaafari, Wei Gao: Double Layered
Ni-P/Ni-P-ZrO2 Electroless Coatings on AZ31 Magnesium Alloy with Improved Cor‐
rosion Resistance. Surface Coating & Technology. 2015; 261: 161-166. DOI:10.1016/
j.surfcoat.2014.11.040
Electrodeposition of Composite Materials122
